I
n his landmark patent, Wallace Coulter introduced a method to detect particles suspended in solution and driven through a capillary (1) . The number and sizes of the particles are determined by measuring electrical resistance changes in the capillary. With capillaries of diameter d ϳ 100 m, the Coulter technique is widely used to count and size red blood cells and platelets. More recently, mesof luidic structures and carbon nanotubes with diameters Ͻ1 m have been used for analysis of macromolecules, colloids, and bioparticles typically Ͼ100 nm in diameter (2) (3) (4) . Further reduction of the portal diameter leads to phenomenological limitations by excluding f low driven with hydrostatic pressure or electroosmosis. As a result, transport through nanostructures must occur by diffusion or electromigration.
The natural useful limit of the capillary diameter is the size of the molecules of interest, and biological ion channels have diameters and lengths commensurate with molecular dimensions (5) . The characteristic time for a molecule to diffuse the length of such pores (ϳ10 nm) is 50-500 ns (6) , which is inaccessible for meaningful conductance measurements. Thus, the motion of individual molecules that enter the pore must be inhibited by physical or chemical interactions to permit analytical conductance-based measurements of separate events.
Biological channels in lipid bilayers have been used to detect and quantitate a variety of analytes, including H ϩ and D ϩ in solution (7), single-stranded RNA and DNA (8) (9) (10) (11) (12) (13) , small organic molecules (14) , specific sugar molecules (15) , poly(ethylene glycol) (PEG) (16) (17) (18) (19) (20) (21) (22) , and anthrax toxins (23) . More recently, solid-state silicon nitride nanopores were used to detect individual double-stranded DNA molecules (24, 25) .
PEG has been used to estimate the size of biological ion channels. Earlier studies demonstrated that PEGs small enough to enter the Staphylococcus aureus ␣-hemolysin (␣HL) nanopore decrease the single-channel conductance (16, 18, 19, 21) . The mean residence times of PEGs in this channel increase with electrolyte concentration (18, 22) . As we show here, the sufficiently long polymer-pore interaction time enables the discrimination of each species within a homologous series of PEG molecules with nearly baseline resolution.
Results and Discussion
Typical single-channel recordings in the absence and presence of PEG are shown in Fig. 1 . A large ionic current flows through a single ␣HL channel (I ϭ 150 pA Ϯ 2.6 pA, P ϭ 0.001; for V ϭ ϩ40 mV, 4 M KCl, no PEG; Fig. 1 . Each decrease and subsequent increase in the ionic current corresponds to a single PEG molecule entering and exiting the pore, respectively. The duration of a blockade event is the residence time of the polymer in the pore. The PEGinduced blockades are widely distributed in both conductance and residence time ( Fig. 1 
Middle Right and Bottom).
A larger sample of blockades (Fig. 2, ϳ700 events) illustrates the marked differences between current blockades caused by pPEG (Fig. 2 Upper) and monodisperse PEG (mPEG) 1294 (n ϭ 29, Fig.  2 Lower). The all-points histograms of the ionic current (Fig. 2 Right) demonstrate that pPEG can be distinguished easily from mPEG. The histogram from a significantly longer time series with Ͼ10 5 events does not resolve the individual molecular species, even though visual inspection of the blockade events suggests that distinct conductance states exist. Although each conductance state is normally distributed, the individual blockades could not be accurately decoded using a Gaussian mixture model (GMM) fit using expectation maximization (EM) (26, 27) .
To resolve and accurately fit the individual components within the mixture, we modified our previous statistical method (28) by adding a signal preconditioning step. Specifically, each blockade event is represented by its mean current value. A histogram made from the mean blockade currents easily resolves ϳ24 differently sized PEGs (Fig. 3 Upper, red). As anticipated, the mean current histogram for mPEG 1294 (n ϭ 29) shows a primary peak at I/I open ϭ 0.250 Ϯ 0.005 with a small anisotropy on the higher current side, i.e., lower mass ( Fig. 3 Upper, blue). The mPEG histogram provides a correlate of PEG molecular mass, thus calibrating the mean current histogram into a mass spectrum. The 1:1 correspondence between this histogram and a MALDI-TOF mass spectrogram for the same pPEG sample ( Abbreviations: ␣HL, ␣-hemolysin; GMM, Gaussian mixture model; mPEG, monodisperse PEG; PEG, poly(ethylene glycol); pPEG, polydisperse PEG. ¶ To whom correspondence may be addressed. E-mail: kras@ufpe.br or john.kasianowicz@ nist.gov.
Lower) demonstrates the accuracy of a solitary nanopore as a molecular sizing device. Although the event-mean histogram visibly resolves each component in the pPEG mixture, additional statistical techniques are required to extract key features, such as peak amplitudes, precise peak position, and characteristic residence time of each size of polymer in the pore. To provide an unbiased analysis and ensure an excellent fit, an automated GMM fitting procedure with more components than the number of visually identifiable peaks was used (see Materials and Methods). The resultant GMM fits the empirical probability density function well (Fig. 3 Upper, solid black line). Of the initial 100 components, the statistical procedure rejected 57 components because of two criteria: low mixture weight (53 components) and excessive width (4 components). The low mixture weight components are insignificant with respect to the total fit, whereas the broad peaks represent an unresolved baseline. The remaining 43 narrow Gaussians are used to assign each individual blockade event to its most likely conductance state by using a maximum likelihood rule. Approximately 25% of the conductance states include a second, minor Gaussian to provide an adequate statistical fit. Fig. 4 illustrates a typical assignment of the averaged individual current blockades (Fig. 4, red points) to the GMM states (Fig. 4, black lines) by using a simplified hidden Markov model decoding procedure (28) (29) (30) . This process permits the estimation of the residence times for each PEG-induced current blockade state and thus for each polymer size. The detailed view of the time series (Fig. 4 Lower) shows that the larger polymers spend more time in the pore than do the smaller ones. The residence time distribution for each polymer in the homologous series is exponential (Fig. 5, 3 of the 24 residence-time distributions shown). This result suggests first-order binding kinetics between the polymers and the nanopore. As expected, the mean residence times of the pPEG and mPEG for n ϭ 29 agree (e.g., Fig. 5, red and black points, respectively) . The ability to identify the residence time for the mass of each analyte provides a second discriminant for multivariate analyses of aqueous molecular species (7, 14) .
We have demonstrated a technique for mass discrimination by using a solitary molecular scale pore. Multivariate discriminants could enable analysis of numerous species in solution on the basis of molecular size and chemical functionality of the analytes. This single-molecule analysis technique could prove useful for the real-time characterization of biomarkers (i.e., nucleic acids, proteins, or other biopolymers). With automated, unsupervised analytical and statistical methods, this technique should prove viable as a generalized analytical technique with nanopore arrays containing nanopores both with specific affinities for single biomarkers and with nonspecific transducers such as ␣HL. In situ monitoring of cellular metabolism with such arrays should provide the sensitivity to monitor subtle changes observed through the release of biomarkers. Single channels were formed by adding ϳ0.25 g of ␣HL (List Biological Laboratories, Campbell, CA) to the solution on one side of the partition, here termed cis. After a single channel formed, the cis chamber was rapidly flushed with fresh buffer to prevent further channel incorporation. Unless otherwise stated, the data were obtained with an applied potential of Ϫ40 mV with two Ag/AgCl electrodes separated from the bulk electrolyte by Vycor salt bridges (3 M KCl). The current was measured using an Axopatch 200B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA) and filtered at 10 kHz with a four-pole Bessel filter before digitization at 50 kHz.
The ␣HL toxin can form at least two conformers that have different conductance levels and gating properties (7) . Only the higher conductance conformer was used here, which has an approximately ohmic conductance of 3.75 nS between Ϯ 50 mV (data not shown). PEG (pPEG 1500; Fluka; or mPEG 29; Polypure, Oslo, Norway) was added to the trans chamber from stock solutions of 12 mg/ml in electrolyte to a final concentration of 0.045 mg/ml.
MALDI-TOF Analysis of PEG Samples. MALDI-TOF mass spectra of the PEG samples were obtained with a Voyager DE-STR (PerSeptive Biosystems, Framingham, MA) by using the reflectron mode. Desorption/ionization was produced by irradiation with pulsed UV light (337 nm) from a nitrogen laser. The instrument was operated at 25 kV in the positive ion mode by using an extraction delay time set at 600 ns. The final spectra were averaged from 100 shots while moving the laser over the surface of the sample with the laser power set slightly over the threshold for the appearance of each spectrum. The samples were prepared from 1% wt/wt PEG solutions in distilled water. The matrix solution was 1:1 acetonitrile:water saturated with all-trans-retinoic acid (Sigma, St. Louis, MO) with 0.1% fluoroacetic acid (Matheson, Joliet, IL) added. The sample and matrix were mixed 1:1 to a total volume of 2 l before drying.
From quantitative mixtures of PEGs with different nominal molecular weights, the instrumental sensitivity variation was Ͻ20% over the range 1,000 units to 10 kilounits. As a result, the instrument sensitivity changes can be ignored over molecular (32) . The mean conductance-based histogram for monodisperse PEG-1294 (blue) is scaled to the height of the corresponding polydisperse peak. In the MALDI-MS, under the desorption/ionization conditions used, each PEG n-mer yields a parent ion peak, MH ϩ , and a base peak 16 -17 units lower in mass, suggesting a loss of ϪO or ϪOH.
weight distributions for the nominal molecular weights used here; that is, the relative response to all n-mers in a sample are considered equal within experimental error.
Event-Mean Extraction. We extended the techniques described in ref. 28 to the present case of highly overlapped conductance blockades caused by a pPEG sample. First, we preprocessed the conductance time series, identifying the blockades by a 5 deviation from the mean open-channel conductance. Because virtually all (Ͼ99.5%) of the PEG-induced blockades could be characterized by a single Gaussian state, we took the mean value of the blockade event as the best estimate of the event amplitude. A histogram of these mean values was made for display (Fig. 3) . In contrast to the unresolved unimodal amplitude distribution of the raw conductance signal shown in Fig. 2 , we observed a finely resolved structure in the event-mean amplitudes (Fig. 3) .
GMM. To extract reliable measurements from the sample of pPEG event means, we fit a multicomponent GMM to the sample. Because the expectation-maximization (EM) procedure can converge to an unsatisfactory local maximum, we started with many more Gaussian components than the number of peaks obvious in the histogram of the event-mean sample. We then discarded those assigned low mixture weights (Ͻ10 Ϫ4 ) by the EM estimation process. This resulted in a GMM fit that cannot be rejected at the 0.05 probability level as measured by the Kolmogorov-Smirnov statistic.
Maximum Likelihood Event State Assignment. We estimate a maximum a posteriori (MAP) state sequence for the incomplete data, given the hidden Markov model. In the present case, because we have represented each event by its mean conductance, we use a uniform transition matrix to ref lect the fact that no intra-event state transitions are possible for the pPEG event means. This state transition model incorporates an ergodic and equiprobable state transition matrix into our GMM/hidden Markov model architecture to identify the conductance states and their associated mean amplitudes by maximum likelihood. Assignments are then made using the Viterbi decoding algorithm (31) . This state assignment procedure partitions the event data into disjoint sets and thus permits estimation of the residence time distributions of PEG-induced conductance states corresponding to each Gaussian mixture component.
